A chemically modified electrode was constructed by incorporating manganese (III) tetraphenyl porphyrine into a carbon paste matrix. The modified electrode was used as a sensitive electrochemical sensor for measuring of riboflavin. The constructed electrode exhibited catalytic properties for the electro-oxidation of riboflavin and lowered the over potential for the oxidation of this compound; consequently, the corresponding peak currents of riboflavin increased significantly. The modified electrode showed a near-Nernstian behavior for electro-oxidation of riboflavin hence, it could be a suitable voltammetric sensor for the fast and easy determination of riboflavin. A linear response in concentration range 1.0 × 10 −8 -1.0 × 10 −5 M was obtained with a detection limit of 8.0 × 10 −9 M (S /n = 3) for the determination of riboflavin. The electrode showed long-term stability and the standard deviation of the slope obtained after repeated calibration during a period of 3 months was 3.5% (n = 10). The modified electrode was used for differential pulse voltammetric determination of riboflavin in pharmaceutical and food samples.
INTRODUCTION
Riboflavin (RF; vitamin B 2 ) is a part of the vitamin B group. It is the major component of the cofactors flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), and it is required for a variety of flavoprotein enzyme reactions including activation of other vitamins. Like all the B vitamins, vitamin B 2 plays a key role in energy production. RF can be found in certain foods such as milk, meat, eggs, nuts, enriched flour, and green vegetables. RF is frequently used in combination with other members of B vitamins group in B-complex products. The importance of flavins in enzymatic catalysis and biochemical reactions have motivated studies of the electrochemical behavior and determination of flavins. [1] So far several analytical techniques such as Electrogenerated chemiluminesence, [2] ultra high-performance liquid chromatography/liquid chromatography-mass spectrometry (UHPLC/LC-MS), [3] high-performance liquid chromatography (HPLC), [4] fluorescence, [5] and ultraviolet visible (UV-Vis) spectroscopy [6] have been developed for the determination of RF. However, these methods have their own advantages and disadvantages. These methods are usually time consuming, expensive instruments, and involve complicated sample processing and procedures. Due to the high selectivity, sensitivity, and simplicity of electrochemical methods, several electrochemical sensors have been developed for the determination of RF [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and other inorganic, organic, and pharmaceuticals samples. [19] [20] [21] Wang and co-workers exploited 32-mer homoadenine ssDNA oligonucleotides and graphene as an effective anchoring block for attachment to the layered molybdenum disulfide and the Au electrode. They electrochemically reduced the molybdenum disulfide binding with the Au electrode and used this sensor for determination of RF with differential pulse voltammetry. [22] Square-wave adsorptive stripping voltammetric method was also used for the determination of RF in oral, syrup, and tablet samples by using an ex situ plated bismuth-film electrode. [23] Surface modification of glassy carbon electrode has been achieved by electropolymerized film of 3-amino-5-mercapto-1, 2, 4-triazole. The modified glassy carbon electrode has been used for the simultaneous determination of RF, ascorbic acid, and folic acid at physiological pH by electrochemical method. [15] Nezamzadeh and Pouladsaz investigated the immobilization of Co 2+ -Y zeolite into carbon paste and studied its electrocatalytic activity for oxidation of RF. [24] A critical assessment of voltammetric methods for determination of RF is presented in Table 1 . All of these electrochemical sensors and methods have their own advantages and disadvantages. Some of these methods have the narrow linear dynamic range, [7, 14, 15, 23, 24] or require tedious and complex electrode pretreatment or construction. [12, 18] The toxicity of mercury has caused a decline in the application of some methods. [13, 14] in routine laboratories. The calibration curve of some methods shows two or three different slopes [17, 23] which creates practical difficulties in measurement of RF. In the continuing development and introduction of new electrochemical sensors, we describe incorporation of manganese (III) tetraphenyl porphyrine (MnTPP) as a modifier into carbon paste matrix to make a sensitive and selective sensor for the determination of RF. The electrochemical behavior of RF on the surface of modified carbon paste electrode was studied by using cyclic voltammetry and differential pulse voltammetry. The catalytic behavior of MnTPP allowed the development of a sensitive electrochemical sensor for the determination of RF in different matrices. The electrode does not need preconcentration required for carbon ionic liquid electrode, [7] or pretreatment which is performed for pencil graphite electrode. [12] Long-term stability, excellent catalytic activity, high reproducibility, and simplicity of preparation are some of the remarkable properties of the developed sensor. The electrode could be readily applied for the determination of RF in real samples such as milk, beverages, and pharmaceutical products.
MATERIALS AND METHOD

Reagents
Vitamins C, B 5 , B 2 , B 3 , B 6 , B 1 , B 12 , B 9 , and Nujol were obtained from Merck (Darmstadt, Germany). Graphite powder (mesh size < 100 µm) was supplied by Fluka. All chemicals used were of reagent grade. Stock solution (1 mM) of RF was prepared before using and being protected against light. RF is only slightly soluble in water but it is soluble in 0.1 M sodium hydroxide. First, RF was dissolved in the minimum amount of 0.1 M sodium hydroxide and then distilled deionized water was added to bring the volume up to the final 10 mL. Distilled deionized water was obtained by using a Millipore water system and was used in all tests. Tetraphenylporphyrin was prepared and metallated according to the reported procedures. [25, 26] 
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Apparatus
Electrochemical experiments were performed with a potentiostat-galvanostat (Computrace 797 VA) electrochemical system in conjunction with a 663VA Stand Metrohm (Swiss) electrochemical cell. A three-electrode cell was employed incorporating carbon paste modified working electrode, KCl-saturated Ag/AgCl reference electrode and platinum counter electrode. Cyclic voltammograms were recorded on the modified and unmodified electrodes from 0−0.7 V. Solutions were deaerated by bubbling nitrogen prior to the experiments and the electrochemical cell was kept under nitrogen atmosphere throughout the experiments.
Preparation of Modified Electrode
To prepare Manganese tetraphenylporphyrin (MnTPP) modified carbon paste electrode (MnTPP/CPE), a 50.0 mg portion of MnTPP was throughly mixed with 450.0 mg graphite powder and then the mixture dispersed in 2.0 mL dimethylformamide (DMF) and homogenized in ultrasonic bath for 20 min. DMF was evaporated at 100°C in an oven overnight. Then, graphite powder consisting of 10% w/ w MnTPP was mixed with mineral oil, Nujol, in 30% weight ratio. After thorough hand mixing them in a mortar and pestle to obtain a very fine paste, a portion of the composite mixture was packed into the end of a Pyrex glass tube (ca. 3 mm i.d. and 20 cm long). Electrical contact was established by forcing a copper wire down the glass tube and into the back of the mixture. Unmodified carbon paste electrode (UMCPE) was prepared accordingly without adding MnTPP. The working surface of the electrodes was polished by using a soft polishing tissue to have a shiny surface. Then, the electrodes were rinsed with distilled water.
Preparation and Analysis of Real Samples
A kind of B-complex tablet (B-COMPLEX produced by Amin pharmaceutical Co., Isfahan, Iran) containing vitamins B 1 (1.5 mg), B 2 (2 mg), B 6 (2 mg), and B 3 (10 mg); and a kind of multivitamin tablet (produced by Amin pharmaceutical Co., Isfahan, Iran) containing vitamins B 1 (1.5 mg), B 2 (1.7 mg), B 6 (2 mg), B 12 (12 μg), B 9 (400 μg), and C (60 mg) were obtained from a local drugstore. Nine tablets from three different sheets were weighed, and then ground to a fine powder with a pestle and mortar. Then, the powder was mixed with 50 mL of deionized water and was shaken for 10 min on a shaker. After this stage, the samples were centrifuged for 5 min to remove traces of any undissolved matter, then the clear solution obtained was diluted with acetate buffer solution to the required concentration and differential pulse voltammetry was performed by using standard addition method. Delester (a non-alcoholic beer, Iran Behnoush Co.) was purchased from a local supermarket. Samples were prepared by dilution in acetate buffer (1:5) and the determination was made by standard addition method. Five milliliters of cow milk (Pak, Iran Dairy Industries Co.) was mixed well with 1 mL glacial acetic acid to precipitate out proteins. The solution was then digested on a water bath for 20 min and centrifuged for 10 min at 4000 rpm. The 1 mL of diluted filtrate was mixed with acetate buffer pH 5.0 and the standard addition method was used for determination. Fig. 1 . It is observed that RF undergoes reversible reaction with the difference in peaks potential (ΔEp) of 36 mV at a scan rate of 100 mVs −1 at the surface of UMCPE with the very small peaks current. This behavior shows that RF undergoes two electron exchange reactions. The remarkable current enhancement in the electrochemical reaction of RF occurs when the electrode is modified with MnTPP. On the other hand, there is no measurable wave for the modified electrode in the potential range studied in plain supporting electrolyte. This behavior, which was observed at several potential scan rates and different pH of supporting electrolyte, clearly demonstrates that the MnTPP acts as electrocatalyst in electrochemical response of RF on the surface of modified electrode. In these conditions, the peak separation of RF on the MnTPP/CPE is 80 mV and the ratio of cathodic to anodic peak current is 1.7, indicating that the reversibility decreases on the surface of modified electrode. Figure 2 shows the effect of solution pH on the cyclic voltammograms of 50 µM RF in the range of 3.0-7.0. The results show that the ΔI p values were affected by pH and enhance by increasing pH from 3.0 to 5.0. However, at higher pH the ΔI p values decrease extremely and the peaks almost disappear at pH 7.0. Such a behavior can be related to degradation of RF at higher pH values in ambient light. [24] As it can be seen, the peak separation of RF in acetate buffer with pH 3, 4, 5, and 6 are 125, 166, 80, and 90 mV, respectively. Therefore, pH 5 was selected for further study. In addition, the effect of various type of electrolyte such as borate, Briton-Robinson, phosphate and acetate buffers on the peak current and shape were studied (figure not shown).
RESULTS AND DISCUSSION
Voltammetric Studies of Riboflavin
The results show that 0.1 M of acetate buffer is the best supporting electrolyte for determination of RF due to the fact that borate buffer almost make it disappear both cathodic and anodic waves. On the other hand, phosphate and Briton-Robinson buffers decrease the peak current and broaden the peak. Therefore, acetate buffer was selected as a suitable electrolyte for more study.
The effect of scan rate on the cyclic voltammetric response of 50 µM RF at the modified electrode surface is shown in Fig. 3 . The relation between the peak current, ΔI p , and the square root of scan rate, Ѵ 1/2 is linear ( Fig. 4) for both cathodic and anodic waves in the range of 25-400 mVs -1 with the following equations: ΔIp a = 81.3 ʋ ½ -11.3, R 2 = 0.9929; ΔIp c = -135.7 ʋ ½ -5.2, R 2 = 0.9909. This behavior, suggests that the reduction and reverse oxidation of RF at the MnTPP/CPE be a diffusion controlled process. [27] On the other hand, the intercepts of the above equations indicate that the electrode processes are not simple. The current function plots (insets of Fig. 4 ) illustrate the characteristic shape of EC mechanism for the RF reduction. [28] 
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A Tafel plot was drawn from points of the Tafel region of the cyclic voltammogram as it has been shown in Fig. 5 , to obtain charge transfer coefficient and information about the rate determination step. According to the cathodic Tafel equation (Eq. 1) the slope of the Tafel plot is equal to Àα c nf 2:303RT .
FIGURE 4
The peak currents versus scan rate ranges from 25-400 mVs −1 (derived from Fig. 3) . Inset: The current function plot for reduction of 50 µM RF, pH 5. where I 0 is the exchange current, α c stands for the charge transfer coefficient and n represents the number of electrons transferred in the rate determination step. The value of α c equal to 0.41 and 0.34 was obtained for scan rate 25 and 400 mVs -1 , respectively, which indicates that the activation free energy curve is not symmetrical in such a semi-reversible oxidation process. A plot of peak potential vs. log ν was obtained (figure is not shown). The relationship between the reduction peak potentials and logarithm of the scan rates is also linear with the corresponding Eq (2):
By comparing Eq. (2) to the equation obtained by Zhang [29] for an irreversible electrochemical processes:
where α c n c , F, R, and T are charge transfer coefficient, number of electrons involved in the ratedetermining step, Faraday constant, gas constant, and absolute temperature, respectively. The value of α c was obtained as 0.32 which is in agreement with that acquired from Tafel equation (0.34).
Differential Pulse Voltammetric Measurements
Differential pulse voltammetry (DPV) was used for calibration curve studies and measurement of RF on the MnTPP/CPE. It was observed from the differential pulse voltammogram that RF on the UMCPE exhibits a well-defined peak at -0.36 V. However, considerable enhancement in the peak current was observed on the modified electrode. Optimum conditions for the DPV response were established by measuring the dependency of peak current on several instrumental parameters, including pulse amplitude, measuring time, pulse duration, and potential scan rate. These parameters were optimized to obtain maximum signal-to-noise ratio using 5 µM RF in acetate buffer pH 5.0 by the one factor at a time method. Optimum values for the investigated parameters were obtained as 100 mV pulse amplitude, 1 ms measuring time, 5 ms pulse duration, and 10 mVs -1 potential scan rate. Figure 6 shows a typical differential pulse voltammograms of 5 µM RF (pH 5.0) at the surface of the modified electrode at the scan rate 10 mVs -1 and different puls amplitude in the range 10-120 mV. After optimization of the parameters, calibration plot, i.e., peak current versus RF concentration, was constructed under the optimal conditions. 
Repeatability, Reproducibility, and Stability
The stability and repeatability of the sensor response are two important parameters for the evaluation of the viability of a sensor. Over a period of 3 months, the electrode retained 97.8% of its initial peak current response for a concentration of 1.0 µM of RF. This shows the long-term 
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stability of the modified electrode in determination of RF. Repeated voltammograms (n = 8) showed that relative standard deviation for 0.05, 0.1, and 5.0 µM of RF was 3.9, 2.3, and 2.1%, respectively. This indicates the good repeatability of the response of the modified electrode. Reproducibility in electrode construction was evaluated by the determination of RF concentration with three independent electrodes. The relative standard deviation for 1.0 µM of RF on these three electrodes was 3.8% which shows the good reproducibility in preparation of the modified electrode. All results indicated that the modified electrode has good reproducibility and repeatability both in the voltammetric determinations and the preparation procedure with excellent long-term stability.
Interference Study
In order to investigate the selectivity of the proposed method for the determination of RF in real sample matrix, various potentially interference species on the determination of 1.0 µM RF was investigated under optimum conditions. The tolerance limit was defined as the concentration which gave a relative error of ±5.0% in the determination. Some anions, cations, and organic compounds that may exist in real food samples were selected. The results are summarized in 
Analytical Application
In order to study the applicability of the proposed method in a practical analytical situation, the method was used for the determination of RF in real samples such as cow milk, non-alcoholic beer, B-complex, and multivitamin tablets. The standard addition method was utilized for the evaluation of the recovery of the spiked samples at three different levels (0.5 and 1.0 µM). The results of RF determination, summarized in Table 3 , show an average recovery of 98.0-101.40%, indicating that the constituents of the samples do not significantly interfere with the determination of RF. The accuracy of the method was calculated for B-complex and multi vitamin tablets according to the label of pharmaceutical samples. The results of t-test (Table 3) show that t cal < t table and this means the null hypothesis is accepted (with the probability 95% and degree of freedom 3) and there is no difference between true value and test results. On other words, there is no any bias or systematic error for the proposed method. Therefore, the method seems to be promising for the determination of RF in food samples. 9 10 Vitamin B 3 and uric acid 6.0 a Maximum concentration was tested.
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CONCLUSION
In this research, we used manganese tetraphenylporphyrin to construct a highly sensitive sensor for determination of RF based on carbon paste matrix. Remarkable improvement in the electron transfer kinetics of RF reduction was observed on the surface of MnTPP/CPE, by increasing sharpness and the peak current of the cathodic wave. Differential pulse voltammetry using the modified electrode was proposed a very selective and sensitive method with a nanomolar detection limit for the determination of RF. Wide linear dynamic ranges (3 order of magnitude), low detection limit, very good reproducibility and repeatability, high sensitivity, and stability can be presented as the advantages of the prepared sensor. The proposed method was successfully utilized for the determination of RF content in milk, Delester, B-complex, and multivitamin tablets.
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